In animal studies, both seizures and interictal spikes induce synaptic potentiation. Recent evidence suggests that electroencephalogram slow wave activity during sleep reflects synaptic potentiation during wake, and that its homeostatic decrease during the night is associated with synaptic renormalization and its beneficial effects. Here we asked whether epileptic activity induces plastic changes that can be revealed by high-density electroencephalography recordings during sleep in 15 patients with focal epilepsy and 15 control subjects. Compared to controls, patients with epilepsy displayed increased slow wave activity power during nonrapid eye movement sleep over widespread, bilateral scalp regions. This global increase in slow wave activity power was positively correlated with the frequency of secondarily generalized seizures in the 3-5 days preceding the recordings. Individual patients also showed local increases in sleep slow wave activity power at scalp locations matching their seizure focus. This local increase in slow wave activity power was positively correlated with the frequency of interictal spikes during the last hour of wakefulness preceding sleep. By contrast, frequent interictal spikes during non-rapid eye movement sleep predicted a reduced homeostatic decrease in the slope of sleep slow waves during the night, which in turn predicted reduced daytime learning. Patients also showed an increase in sleep spindle power, which was negatively correlated with intelligence quotient. Altogether, these findings suggest that both seizures and interictal spikes may induce long-lasting changes in the human brain that can be sensitively detected by electroencephalographic markers of sleep homeostasis. Furthermore, abnormalities in sleep markers are correlated with cognitive impairment, suggesting that not only seizures, but also interictal spikes can have negative consequences.
Introduction
Epilepsy affects over 60 million individuals worldwide and carries significant risks of severe injury and sudden death (Nevalainen et al., 2014) . Among patients with epilepsy, 30-40% are drug refractory (Liu et al., 2015) . However, the cellular and systems consequences of epileptic activity in the human brain remain incompletely understood (Pitkanen et al., 2015) . A large body of animal studies indicates that an effect of both seizures and spikes is the induction of long-term potentiation (Ben-Ari and Represa, 1990; Reid and Stewart, 1997; McEachern and Shaw, 1999; Debanne et al., 2006; Staley and Dudek, 2006) . For example, seizures lead to the strengthening of excitatory synapses in the rat hippocampus (Debanne et al., 2006) . Also, activation of NMDA receptors during interictal spikes results in transient increases in postsynaptic calcium levels, sufficient to induce long-term potentiation in activated synapses (Staley and Dudek, 2006) . A possible negative consequence is that seizures and interictal spikes, by hijacking the cellular mechanisms of synaptic plasticity, may compete with the synaptic potentiation that occurs during normal learning (Meador, 2007; Beenhakker and Huguenard, 2009; Bower et al., 2015) , potentially leading to poor cognitive outcomes (Beenhakker and Huguenard, 2009) . Indeed, seizures disrupt the formation of new memories (Bohbot et al., 2000; Lenck-Santini and Holmes, 2008) and poor seizure control is associated with poor cognitive outcomes in humans (Elger et al., 2004) . Nevertheless, the relationship between cognitive impairment and the plastic changes induced by epileptic activity remains unclear.
A promising approach to evaluating plastic changes induced by epileptic activity is provided by the analysis of sleep rhythms, especially slow wave activity (SWA, i.e. delta power, 1-4 Hz). A large body of evidence indicates that sleep SWA power, which is a sensitive index of sleep need and its dissipation during the night, is affected by plastic changes occurring during wakefulness (Tononi and Cirelli, 2014) . SWA reflects the alternation of depolarized up-states, when neurons fire tonically, with hyperpolarized down-states, when neurons cease firing . Increased synaptic strength results in greater neuronal synchronization at the transition between up-and down-states, which is reflected in the EEG as a slow wave of larger amplitude and steeper slope . In both humans and animals, wakefulness leads to a net, global increase in synaptic strength throughout the cerebral cortex, which is followed by a global increase in sleep SWA power that is proportional to the duration of waking activities (Vyazovskiy et al., 2008; Hung et al., 2013) . SWA can also increase locally, triggered by plastic changes induced by specific learning tasks. For example, local SWA power increases after the successful learning of a visuo-motor rotation task (Huber et al., 2004) , and after synaptic potentiation induced by high frequency transcranial magnetic stimulation (Huber et al., 2007a) . In contrast, sleep SWA power in the motor cortex decreases after a day of arm immobilization (Huber et al., 2006) . In animals, local sleep SWA power increases after learning a new skilled reaching task (Hanlon et al., 2009) . During sleep, SWA power decreases exponentially with time, reflecting the homeostatic dissipation of sleep need. The homeostatic decrease in SWA during non-rapid eye movement (NREM) sleep is thought to reflect-and possibly mediate-a process of synaptic renormalization, which restores cellular function and learning ability and promotes memory consolidation (Tononi and Cirelli, 2014) .
Despite the evidence linking epileptic activity with synaptic plasticity, and the latter with sleep SWA, it is an open question to what extent seizures and interictal spikes affect SWA, either globally or locally (Tassinari and Rubboli, 2006) . While the likelihood of seizures and interictal spikes can be increased by both sleep and sleep deprivation (Montplaisir et al., 1987; Foldvary-Schaefer and GriggDamberger, 2006; Frauscher et al., 2015) , SWA was not investigated in most studies. However, recent studies in children with electrical status epilepticus during sleep (ESES) provided intriguing evidence that interictal spikes during sleep may dampen the overnight decrease in slow wave slope (Bolsterli Heinzle et al., 2014) . In the present study, we set forth to investigate whether seizures and interictal spikes can influence SWA power, slow wave slope, and related markers of sleep homeostasis in adults with epilepsy. We hypothesized that sleep homeostasis may be a sensitive indicator of plastic changes induced by epileptic activity in the human brain, and that these changes may in turn correlate with cognitive impairment in patients with epilepsy.
Material and methods

Subjects
Fifteen drug-refractory focal epilepsy patients [mean age 43 AE standard deviation (SD) 14, nine females] with epileptic focus localized to either left temporal (n = 4), left frontal (n = 4), right temporal (n = 2), bilateral temporal (n = 2), bilateral frontal (n = 1), right parietal (n = 1), or right extra-temporal (n = 1) regions on routine scalp EEG were recruited from the Epilepsy Monitoring Unit (EMU) of the University of Wisconsin. Patients' high-density EEG recordings were compared to those of 15 age-and gendermatched controls (mean age 43 AE SD 14, 10 females) recruited at the Wisconsin Sleep Laboratory. Age-and sexmatched controls free of neurological or sleep disorders and medications were recruited from a separate study. All controls had a single night of sleep study with high-density EEG at the Wisconsin Sleep Laboratory. All subjects provided written informed consent before participating in the study. The Institutional Review Board of the University of Wisconsin approved all study procedures. 
High density EEG acquisition and preprocessing
Twenty-eight to 48 h recordings were performed in patients during the last 1-2 days of their EMU stay. In the two patients where a 48 h recording was available, the cleanest night was selected for further analysis. Patients were restarted on antiepileptic medication before high-density EEG recordings. Thirteen of 15 patients were not sleep-deprived, one patient (Patient 13) was sleep-deprived once 2 days before recording followed by one recovery night, and one patient (Patient 11) was sleep-deprived the night preceding high-density EEG recordings. A 256-electrode EEG net (EGI, Electrical Geodesics Inc.) was applied with electrode impedances set below 50 k. In patients, the high-density EEG net was set in-between routine clinical EEG electrodes, and utmost care was taken to avoid bridging. Supplementary Fig. 1 displays a comparison between clinical 10-20 and 256 electrode highdensity EEG montages.
EEG preprocessing was performed using a procedure similar to that described in previous work (Riedner et al., 2007; Bolsterli et al., 2011; Murphy et al., 2011; Jones et al., 2014) . Epochs of steady stage N2-3 NREM and REM sleep were extracted from high-density EEG recordings. EEG data were filtered from 1-40 Hz and downsampled from 500 Hz to 200 Hz. Semi-automated artefact rejection selected clean epochs and channels (Riedner et al., 2007) . Power spectrum computation was performed using Matlab pwelch with 6-s overlapping time windows. Most analyses were performed on average-referenced EEG (Riedner et al., 2007; Murphy et al., 2011) . A confirmatory analysis on whole-night sleep SWA (Fig. 1 ) also computed power on average-mastoid referenced EEG. Power was defined as the average of power spectrum frequency bins between 1-4 Hz for SWA (delta range), and between 12-16 Hz for spindle range (Murphy et al., 2011) . Topographical analyses of overnight changes in SWA power were performed on clean epochs selected from the first hour versus the last hour of NREM sleep (Bolsterli et al., 2011) , or in the minority of patients presenting 52 h of sleep, from the first half versus the second half of NREM sleep. Patient 2, with only 13 min total NREM sleep, was excluded from this analysis. Data obtained during REM sleep (in 14 patients and 15 controls) were preprocessed similarly to data obtained during NREM sleep; additionally, independent component analysis was applied to remove clear sources of physiological noise such as eye movements (Jones et al., 2014) . A certified epileptologist (R.M.) visually detected interictal spikes during NREM sleep and during the last hour of wakefulness preceding sleep. To avoid a spurious contribution from spikes-and-waves to sleep SWA power estimation, 6-s NREM sleep epochs containing interictal spikes (a mean of 7 AE SD 9% of all epochs) were discarded from the analysis (Bolsterli et al., 2011) . Nevertheless, similar SWA power estimates were obtained when including all NREM sleep epochs (not shown).
Source reconstruction analysis
Three-minute epochs of cleaned stage N2-3 NREM sleep were source reconstructed using Brainstorm (https://www. nitrc.org/projects/bst/) (Tadel et al., 2011) with a realistic boundary element method head model and minimum norm and smoothness priors. Source-space SWA power was computed using the Hilbert transform implemented in Brainstorm. Summary gifti images were created for statistical analysis.
Slow wave detection
Individual NREM sleep slow waves were detected as described in previous work (Riedner et al., 2007) . The negative slope of sleep slow waves was computed from average referenced EEG data ( Supplementary Fig. 2 ). Topographical analyses were performed on the wholenight average of slow wave slope and on overnight decreases in slow wave slope (using early versus late night epoch selection as described above). Spindle grouping and slow wave shape analyses were performed on average-mastoid referenced EEG (Murphy et al., 2011) . The root-mean-square of spindle power (12-15 Hz) was computed for EEG epochs starting 1 s before and ending 1 s after slow wave negative peaks. The mean and standard error of spindle power were both computed at each time point across all slow waves detected in patients and control populations.
Statistical analysis
Topographical values of SWA power, spindle power, average slow wave slope and overnight decreases in SWA power or slow wave slope were converted to 2D images using a 64 Â 64 grid (Kilner and Friston, 2010) . All statistical analyses used random effects models. Results were thresholded at P 5 0.05 corrected for multiple comparisons using family-wise error at the voxel-or cluster-level (with uncorrected parametric P = 0.05 as cluster forming threshold). Except for source reconstruction results, where nonparametric statistics were not available, the peak statistics of all results shown survive multiple comparisons using both statistical parametric mapping (SPM, http://www.fil. ion.ucl.ac.uk/spm) and statistical non-parametric mapping (SNPM, http://warwick.ac.uk/snpm) (Supplementary Tables 3-6 and 9-10). To allow for increased robustness of cluster-based statistics, a non-stationary random field estimation was used in SPM (Hayasaka et al., 2004) .
Whole-night sleep SWA power analyses were performed using two-sample t-tests. Given our a priori hypothesis, one-tailed t-tests were used to assess for increased SWA power in patients compared to controls. Similar twosample t-tests were used for source-space SWA and average slow wave slope comparisons.
Separate one sample t-tests models assessed for increased SWA power in NREM compared to REM sleep, and for overnight decreases in NREM sleep SWA power and slow wave slope in both patients and control populations. Twosample t-tests assessed for increased SWA power in REM sleep, increased SWA power difference between NREM sleep and REM sleep, and decreases in the overnight decline in SWA power and slow wave slope in patients compared to controls. A two-sample t-test also assessed for increased whole-night sleep spindle power in patients compared to controls.
Multiple regression models tested for group-level positive correlations between sleep SWA power or slow wave slope and the frequency of seizures and interictal spikes present during wake. Patient 2 was excluded from this analysis, due to very short NREM sleep time expected to yield to inaccurate single-subject level estimates. Of note, all the seizures counted here either occurred during wake or woke patients from sleep. While both seizure frequency (i.e. number of secondarily generalized seizures/100 h of EMU stay) and spike frequency during wakefulness (in spikes/h) were entered as covariates in the model, only seizure frequency led to significant group-level results. A post hoc Kolmogorov-Smirnov test ensured that seizure frequency data did not significantly deviate from normality. To further ensure that outliers did not drive our results, a confirmatory non-parametric Spearman correlation analysis was performed on the peaks of significance of parametric testing.
To study local differences in NREM sleep SWA, individual whole-night SWA power topographies (Fig. 5) were Zscored by dividing local power values by the standard deviation of the whole scalp (Jones et al., 2014) . One sample t-tests assessed for consistent local differences in Z-scores between each patient and the control group (Siegel et al., 2014) . Differential Z-scores were extracted at the location of maximum statistical significance for these analyses in each patient and correlated with the frequency of spikes during both wakefulness and sleep. As this particular correlation focused on relative topographical changes rather than on absolute power values, all 15 patients were included in the analysis. Both parametric Pearson and non-parametric Spearman approaches were used. As both the frequency of spikes during wake and sleep deviated from normal distribution according to KolmogorovSmirnov tests, a log transform was also applied to spike frequency counts, keeping zero values for data points already being zero before the log transform. Confirmatory Pearson correlations were then performed using log transforms.
Multiple regression analyses tested for a negative correlation between the frequency of spikes during sleep and the overnight decrease in slow wave slope. Seizure frequency, which had proven to influence slow wave slope, was included as a covariate of no interest in this analysis. Correlations were computed for both original spike frequency count and log transform. Confirmatory nonparametric Spearman correlation analyses were performed on the peaks of significance of parametric testing.
Multiple regression models assessed for a correlation between sleep EEG markers and neuropsychological outcomes. The two cognitive variables selected for this analysis were IQ, because of its expected correlation with spindle power (Fogel et al., 2007; Ujma et al., 2015) , and visual learning, because of its expected correlation with sleep SWA homeostasis (Censor et al., 2006) . We restricted correlation analyses to these two cognitive variables to reduce the risk of false positives. Full-scale IQ and visual learning scores were obtained during standard clinical neuropsychological testing using the Wechsler Adult Intelligence Scale, 4th edition and the Brief Visuospatial Memory Test-Revised (Hermann et al., 2008) . Patient 2 declined neuropsychological testing. A first multiple regression analysis searched for a negative correlation between IQ and increased spindle power; learning scores were included as a covariate of no interest in this analysis. A second multiple regression model searched for a positive correlation between learning scores and overnight decrease of slow wave slope; IQ was included as a covariate of no interest in this analysis. Pearson correlation analyses were also performed between IQ and visual learning scores and spike and seizure frequency, epilepsy duration, and the anxiety and depression ratings (1 for present, 0 for absent) obtained during neuropsychological testing. Confirmatory non-parametric Spearman correlation analyses were performed on the peaks of significance of parametric testing.
Finally, we performed a false discovery rate correction for multiple independent tests (Genovese et al., 2002) on the spatially-corrected P-values reported in Supplementary  Tables 3-10 .
Results
Sleep parameters
Individual sleep parameters were examined in patients and controls (Supplementary Table 2) . At the group level, compared to controls, patients displayed shorter total sleep time (mean 337 AE 131 SD min versus 418 AE 27 SD min in controls, P = 0.027) and decreased sleep efficiency (71 AE 19% versus 93 AE 3%, P 5 0.001). As reported in previous studies, patients also displayed a longer latency to reach REM sleep (169 AE 113 min versus 99 AE 34 min, P = 0.031) and a smaller percentage of time spent in REM sleep (12 AE 9% versus 42 AE 9%, P = 0.002). The percentage of time spent in stage N1 (28 AE 10% versus 21 AE 4%), N2 (45 AE 13% versus 42 AE 9%) or N3 (15 AE 12% versus 16 AE 5%) NREM sleep did not significantly differ between patients and controls (P 4 0.05).
Whole night NREM sleep slow wave activity power At the group level, patients with focal epilepsy showed increased NREM sleep SWA power (i.e. delta power, 1-4 Hz) over a widespread set of bilateral scalp regions, while no regions showed a significant SWA power decrease. Figure 1 and Supplementary Table 3 show results of topographical analyses for both average reference and averagemastoid reference montages, as well as results obtained using source reconstruction. Average referenced EEG SWA power means were 9.3 AE standard error (SE) 0.9 mV 2 /Hz and 10.0 AE 1.2 mV 2 /Hz in left and right temporal areas in controls versus 15.7 AE 1.3 mV 2 /Hz and 18.6 AE 1.7 mV 2 /Hz in left and right temporal areas in patients-corresponding to a 69-86% increase ( Fig. 1C and Supplementary Fig. 3) . Supplementary Fig. 4 and Supplementary Table 3 report additional results obtained in patients with epilepsy compared to controls, including a widespread increase in average slope of sleep slow waves (computed as described in Supplementary  Fig. 2 ), another marker of sleep homeostasis.
Additional analyses to interpret the significance of increased NREM sleep slow wave activity power
The following sections report additional analyses that were performed to further investigate several aspects of the global increase in NREM sleep SWA power observed in patients with epilepsy compared to controls. First, to assess if this increased SWA power was more likely due to the presence of pathological slowing versus to changes in NREM sleep homeostasis, additional analyses assessed for the presence of normal sleep features such as a difference in SWA power between NREM sleep and REM sleep, NREM sleep SWA power overnight decline, and spindle grouping. Second, to more directly link changes in SWA power changes to the presence of epileptic activity, other analyses focused on correlating global and local SWA power with spike and seizure frequency. Finally, to assess potential functional consequences of altered sleep physiology, changes in sleep markers were correlated with cognitive variables.
Differences in slow wave activity power between NREM sleep and REM sleep
We compared SWA power topographies obtained in patients and controls during NREM sleep with those obtained during REM sleep. Whole-scalp SWA power was high in NREM sleep and low in REM sleep in both patients and controls ( Fig. 2 and Supplementary Table 4) . As expected from the direct comparison of NREM SWA power, epileptic patients showed a larger difference in SWA power between NREM and REM sleep compared to controls (Supplementary Fig. 5 and Supplementary Table 4) . Crucially, there was no difference in SWA power between patients and controls during REM sleep.
Homeostatic regulation of NREM sleep slow wave activity
In both patients and controls, NREM sleep SWA power showed a significant overnight decline (Fig. 3 and Supplementary Table 5 ). Supplementary Fig. 6 and Supplementary Table 5 show a similar overnight decrease in the negative slope of sleep slow waves in both patients and controls. The extent of the overnight decreases in SWA power and slow wave slope did not differ significantly between patients and controls.
In addition to increased SWA power, patients with epilepsy had increased whole-night spindle power (12) (13) (14) (15) (16) in the same bilateral scalp regions (Fig. 3 and Supplementary Table 5 ). There was no difference in 12-16 Hz power between controls and patients during REM sleep. Importantly, individual NREM sleep slow waves had similar morphology in both patients and controls, and they grouped spindles in a similar manner (Fig. 3) . Moreover, in both groups spindle power decreased during the negative peak of slow waves, and increased along the positive slope of slow waves until the zero-crossing.
Correlation between overall NREM sleep slow wave activity and seizure frequency during previous wake
We then investigated the presence of a correlation between the global increase in SWA power observed in patients with epilepsy and seizure frequency during preceding wake. Within the epilepsy patient group, NREM sleep SWA power was positively correlated with the frequency of secondarily generalized seizures during the 3-5 days of their EMU stay before high-density EEG recordings (peak R = 0.80; Fig. 4 , Supplementary Table 6 and Supplementary Fig. 3) . A significant positive correlation was also found between secondarily generalized seizure frequency and the average slope of sleep slow waves (peak R = 0.82; Fig. 4 
and Supplementary Table 6).
Correlation between local NREM sleep slow wave activity power and epileptic spike frequency during previous wake
We then investigated if the presence of focal epileptic activity would be reflected in local changes in NREM sleep SWA power, which would differ from patient to patient depending of the specific location of the epileptic focus. Figure 5 shows individual topographies of SWA power in controls and patients, calculated for the whole duration of NREM sleep. As is evident from the figure, individual epileptic patients display local increases in NREM sleep SWA power at scalp locations that were in general well-matched with the clinical assessment (based on conventional 10-20 EEG) of their seizure focus (Table 1 ). The location of statistical peaks for topographical differences, calculated for each patient compared to the group of controls (differential Z-score, see 'Materials and methods' section), is shown in Fig. 5 as a black star. The location of the SWA power peak matched the clinical localization of the seizure focus in 11/ 15 patients. Of the four remaining patients, three had very low differential Z-scores (Patients 6, 13 and 15) (Supplementary Table 7) , limiting the reliability of detected differences. Patient 8 displayed a focus of right temporal slowing on high-density EEG that had been described in his childhood, but was missed on 10-20 EEG.
To further investigate if the observed local changes in NREM sleep SWA power were related to focal epileptic activity, we performed a correlation analysis between local sleep SWA power and spike frequency. The frequency of spikes during the last hour of wakefulness preceding sleep was significantly correlated with higher local differences in Z-scored SWA power in patients versus controls (peak R = 0.63; Fig. 5 Table 8 ). By contrast, no significant correlation was found between local SWA power Z-scores and the frequency of interictal spikes during sleep (Fig. 5 and Supplementary Table 8 ). In summary, interictal spikes during preceding wake are reflected in a local increase in NREM sleep SWA power.
Effect of interictal spikes during sleep on sleep homeostasis
We investigated the potential influence of interictal spikes during sleep on the homeostatic decline of NREM sleep SWA. In patients with epilepsy, the frequency of interictal spikes during NREM sleep was negatively correlated with the overnight homeostatic decrease in negative slow wave slope (peak R = À0.62; Fig. 6 and Supplementary Table 9) . Correlation results remained significant after using a log transform of spike frequency (Fig. 6 and Supplementary Table 9 ) and non-parametric Spearman correlation approaches (Supplementary Table 9 ).
Correlation between NREM sleep EEG changes, IQ and learning
Finally, we assessed the correlation between changes in sleep markers and cognitive variables. As sleep studies in healthy volunteers had shown a correlation between IQ and sleep spindles, we investigated the correlation between sleep spindle power and IQ in patients with focal epilepsy. Instead of the usual positive correlation between IQ and spindle activity found in healthy volunteers, patients with epilepsy exhibited a negative relationship between IQ and high spindle power (peak R = À0.48; Fig. 7 and Supplementary Table 10) .
We then investigated whether the impairment of sleep SWA homeostasis associated with the occurrence of interictal spikes during sleep was negatively correlated with the patients' daytime learning abilities. Indeed, a reduced homeostatic decrease in slow wave slope during the night (peak R = 0.47; Fig. 7 and Supplementary Table 10) was correlated with poorer daytime visual learning.
In contrast, spike and seizure frequency, the duration of epilepsy, or the presence of anxiety or depression did not show a significant correlation with IQ or visual learning.
Correction for multiple comparisons across analyses
False discovery rate correction revealed that with the present distribution of spatially-corrected P-values, a threshold of P = 0.046 controlled for a rate of 5% of false positives across multiple analyses. Thus, all comparisons remained significant after this correction.
Discussion
We have identified a widespread increase in NREM sleep SWA power in patients with focal epilepsy compared to control subjects. This increased SWA power displayed hallmarks of NREM sleep homeostasis, such as a normal overnight decline and normal spindle grouping, and was correlated with the burden of epileptic activity, both globally (for secondarily generalized seizures) and locally (for spike frequency during wakefulness). In turn, frequent spikes during NREM sleep were correlated with reduced overnight decline in SWA. Finally, changes in sleep markers were correlated with cognitive impairment in patients with epilepsy.
Global changes in sleep slow wave activity power and homeostasis
The increase in SWA power observed in patients with epilepsy was widespread and involved most scalp regions, with the exception of a set of midline areas that have maximal power, hence possibly subject to a saturation effect (Supplementary Fig. 3 ). The combined use of topographical methods (Jerrett and Corsak, 1988; Logar, 1992) and highdensity EEG (Lustenberger and Huber, 2012; Yang et al., 2012) (Supplementary Fig. 1 ) allowed us to identify changes in SWA that were not detected by visual EEG scoring methods, such as sleep staging. Instead of resembling pathological slowing, SWA presented all the features of normal sleep: slow waves had normal morphology and were visually indistinguishable from those observed in control subjects. Sleep spindles, too, had normal morphology. Importantly, slow waves grouped spindles both in space and in time in patients as much as in controls. This grouping of spindles by slow waves (Molle et al., 2002) would be expected to be reduced or absent after cortical/subcortical lesions and deafferentation (Steriade, 2000; Timofeev et al., 2000) . Although we cannot rule out that the presence of focal lesions (such as in Patients 3, 4, 9 and 10) could partially contribute to SWA power in patients with epilepsy, an increase in SWA power due to pathological slowing would be expected to either persist in all behavioural states (Timofeev et al., 2000) , or decrease during NREM sleep to reappear during REM sleep (Scollo-Lavizzari, 1970) . Instead, we found a specific increase in SWA power during NREM sleep and no increase during REM sleep. Overall, the present results indicate that unlike pathological slowing, the SWA power increase observed in patients with epilepsy is selectively present during NREM sleep, with slow waves and spindles preserving all the normal features, resembling closely the physiological increase observed, for example, after sleep deprivation (Hung et al., 2013) .
We observed a strong positive correlation between the global increase in NREM sleep SWA power and the number of secondarily generalized seizures occurring during the 3-5 days of EMU stay preceding high-density EEG recordings. Seizure frequency was also correlated with an increase in the slope of NREM sleep slow waves. These results suggest that increased SWA power following seizures might be linked to a homeostatic regulation process induced by the presence of seizure activity during wake. In animals, increased SWA power during sleep is triggered by an increase in synaptic strength (Tononi and Cirelli, 2014) . For example, SWA power increases globally after exposure to an enriched environment (Huber et al., 2007b) . The effect of synaptic potentiation on slow wave slope and amplitude can also be observed locally when plastic changes during wakefulness are induced by learning paradigms that selectively involve specific cortical regions. For example, visuo-motor learning paradigms that primarily involve right parietal cortex lead to a local increase in SWA power in subsequent sleep (Huber et al., 2004) . Consistent with this interpretation, animal studies have shown that seizures produce long-lasting synaptic potentiation (BenAri and Represa, 1990; Reid and Stewart, 1997; Meador, 2007) . This interpretation is also in line with a recent study in human patients with focal epilepsy, showing that during post-seizure NREM sleep episodes, neuronal firing patterns show stronger correlations, indicative of the induction of synaptic potentiation by seizure activity (Bower et al., 2015) . In our sample, it is likely that the widespread topography of sleep SWA power increases associated with higher seizure frequency is related to large-scale brain networks involvement during secondarily generalized seizures (Blumenfeld, 2012) . These results suggest that seizures themselves could induce plastic changes leading to worsened hyperexcitability, potentially contributing to epileptogenesis (Lillis et al., 2015) . However, at least part of the increase in SWA power observed in patients with focal epilepsy might also be related to chronic effects of epileptic disease.
Just like controls, patients with epilepsy displayed a significant whole-scalp decrease in SWA power (Fig. 4) and slow wave slope ( Supplementary Fig. 3 ) from early to late night. No significant differences in the overnight decrease in sleep SWA power and slow wave slope were found between patients and controls. Notably, epilepsy patients showed preserved sleep homeostasis despite shorter sleep time. This result is in line with previous studies indicating that sleep SWA power and slow wave slope decrease exponentially, restoring homeostasis after prolonged sleep deprivation despite a minor increase in the duration of recovery sleep (Tononi and Cirelli, 2014) . The overnight decrease in sleep SWA power and slow wave slope is thought to reflect the net effect of synaptic down-selection occurring during NREM sleep (Tononi and Cirelli, 2014) . Whether the preserved slow wave homeostasis in patients with epilepsy is sufficient to fully renormalize synaptic strength remains an open question.
Local changes in sleep slow wave activity power and homeostasis
In addition to a global increase in sleep SWA power, individual epileptic patients also showed local increases in SWA. Abnormal sleep SWA power topographies were evident in most epileptic patients (Fig. 5) , in contrast to the highly stable patterns observed in healthy volunteers. Such abnormal topographies have never been observed in patients with sleep disorders such as sleep apnoea (Jones et al., 2014) , insomnia or sleepwalking (Castelnovo et al., 2016) , studied by our group or others. In 11/15 epileptic patients, the location of sleep SWA power abnormality was concordant with the clinical localization of seizure focus on routine clinical EEG. In Patient 8, high-density EEG identified a region of focal slowing that had been described early in childhood, but had been missed on concurrent 10-20 EEG recordings. Thus, high-density EEG sleep SWA power topographies may provide useful additional information for the clinical localization of epileptogenic zones, by identifying cortical regions with increased synaptic strength/excitability. Intriguingly, we found that the strength of focal SWA power changes correlated with the frequency of spikes during the last hour of wakefulness preceding sleep. This finding further supports a link between the presence of an abnormal focus of SWA power during NREM sleep and the presence of local epileptic activity. Moreover, it suggests that even interictal spikes occurring during wake are able to induce local plastic changes in the human brain. While secondarily generalized seizures lead to a global increase in SWA power, similar to that observed after sleep deprivation, interictal spikes during wake lead to a local increase in SWA power, similar to that observed after task-specific learning (Huber et al., 2004 (Huber et al., , 2006 . Since synaptic potentiation induced by firing of epileptic networks is maladaptive and unrelated to interactions with the environment, it may impact negatively on the patients' cognitive abilities (Bower et al., 2015) . On the other hand, the occurrence of interictal spikes during sleep was negatively correlated with the homeostatic decline in slow wave slope. The neuromodulatory milieu of NREM sleep-primarily the low levels of noradrenaline, dopamine, and acetylcholine-are thought to promote the homeostatic decrease in net synaptic strength, which renormalizes the net increase occurring through synaptic potentiation during wake (Tononi and Cirelli, 2014) . This net reduction in synaptic strength is thought to be selective, in the sense that synapses that are reactivated strongly and symmetrically (pre-and postsynaptically) during sleep would be protected, whereas, synapses that are reactivated weakly or asymmetrically become depressed (Tononi and Cirelli, 2014 ). An intriguing possibility, then, is that the occurrence of hypersynchronous firing (spikes) during NREM sleep in epileptic patients may pathologically 'protect' synapses strongly activated by epileptic activity, preventing physiological down-selection. This would have the effect of reducing the homeostatic decline of SWA, as observed, and of 'protecting' abnormal circuits. This negative consequence of interictal spikes occurring during NREM sleep is compounded by their broader propagation compared to interictal spikes observed during wake (Frauscher et al., 2015) . Our finding of decreased sleep SWA homeostasis associated with night time interictal spikes is also in line with reports of reduced sleep slow wave homeostasis in children with electrical status epilepticus during sleep (Bolsterli et al., 2011) . In children with electrical status epilepticus during sleep, a high frequency of spike-waves during sleep also correlates with reduced overnight decline in slow wave slope (Bolsterli Heinzle et al., 2014) . If a decrease in SWA homeostasis during NREM sleep reflects a reduction of the physiological process of synaptic down-selection, it could lead over time to cognitive impairments and, by preserving hyperexcitability, to increase the probability of seizures (Pitkanen et al., Table 1 . In each patient, the maximum peak of statistical difference in local SWA power compared to the control group is displayed as a black star. A rainbow colour scale is used for SWA power values. Bottom: Correlation between spike frequency and local SWA power. (C) A high frequency of interictal spikes during the last hour of wakefulness preceding sleep was positively correlated with high local increases in SWA power (differential Z-scores) during subsequent NREM sleep. (D) This relationship remained significant after a log transform of spike frequency counts. In contrast, the frequency of spikes during sleep (E) or its log transform (F) were not correlated with focal increases in local SWA power. 2015). Accordingly, reducing the occurrence of interictal spikes could have potential therapeutic benefits (Chapman, 2013; Sanchez Fernandez et al., 2015) .
Cognitive correlates
Decades of research have demonstrated that IQ and other dimensions of cognition (e.g. memory, executive function) can be impacted by a myriad of factors related to epilepsy and its consequences. These factors include considerations such as epilepsy syndrome, its underlying aetiology, age of onset, intractability, medication burden, presence and nature of psychiatric and somatic comorbidities, genetics, social variables and other factors (Aldenkamp et al., 2010; Baxendale and Thompson, 2010; Jones-Gotman et al., 2010; Helmstaedter and Witt, 2012; Lin et al., 2012) . Less often assessed is the impact of disrupted sleep and sleep architecture on daytime cognition, which must be considered in the context of other possible contributors. The fact that various clinical variables did not correlate as well with cognitive impairment suggests that changes in sleep high-density EEG may be especially sensitive (Lustenberger and Huber, 2012) .
In healthy subjects, the overnight decline in sleep SWA promotes learning after awakening (Huber et al., 2004; Halasz et al., 2014; Tononi and Cirelli, 2014) . In patients with epilepsy, a strong overnight decrease in the slope of sleep slow waves was also correlated with better learning ability. Frequent interictal spikes during sleep, which were associated with reduced homeostasis of slow wave slope, may thus have negative consequences on daytime learning. This prediction is in line with the cognitive regression observed in patients with electrical status epilepticus during sleep, which reverses after antiepileptic treatment suppressing interictal spikes during sleep (Sanchez Fernandez et al., 2012) . In normal subjects, IQ correlates positively with sleep spindle activity (Ujma et al., 2015) . In contrast, in patients with epilepsy, increased spindle power was associated with a decrease in IQ. This negative correlation may be an indirect consequence of maladaptive synaptic potentiation reflected by increased SWA, since spindles are themselves grouped by sleep slow waves. Altogether, these findings suggest that plastic changes triggered by ictal and interictal discharges could contribute to worsen cognitive outcomes in patients with epilepsy (Beenhakker and Huguenard, 2009 ).
Limitations
The present study has several limitations. High density EEG recordings performed in the EMU are subject to potential sleep disruptions due to environmental circumstances. However, our findings of decreased sleep efficiency and time spent in REM sleep are consistent with previous reports on sleep architecture in patients with focal epilepsy (Foldvary-Schaefer and Grigg-Damberger, 2006 ). Furthermore, patients showed similar levels of homeostatic decline of SWA power and slow wave slope compared to control subjects. The patient cohort studied here is intrinsically heterogeneous in its clinical characteristics (Supplementary material). Despite this variability, a combination of parametric and non-parametric random effects analyses identified consistent changes in sleep markers in patients compared to controls. In the present study, most patients did not present focal seizures during their EMU stay (Supplementary Table 1 ). It is, however, possible that like epileptic spikes, focal seizures during wake could induce focal increases in NREM sleep SWA power. Larger population studies should allow sub-group analyses and also investigate the neuropsychological consequences of focal seizures and local SWA changes in patients with epilepsy. Finally, intracranial recordings could be used to confirm the present findings with greater spatial resolution (Holmes et al., 2010) . 
